The aim of this study was to identify the most significant stand parameters affecting net forest precipitation and interception loss in Scots pine stands and to develop multiple linear regression models (MLR) that can be used for practical purposes to predict net forest precipitation and interception rates in northern Germany using forest inventory data and gross precipitation. In the model, the forest canopy is characterized by four parameters: mean tree height, diameter at breast height, number of stems and canopy cover fraction. The meteorological input is only annual gross precipitation.
INTRODUCTION
To ensure the groundwater resources and the stability of forest under changing climate conditions, the water budget of forests is an essential topic today [1] . The interception rate is a major factor in the water balance [2, 3] , because the annual evapotranspiration must normally be fewer than the annual rainfall [4] . Regressions of calculated seepage flow below the rooting zone and the amount of throughfall have been found to be remarkably constant [5] . A simple method to predict the amount of seepage water is the use of regression models between annual gross rainfall and net precipitation on the one hand and net precipitation and seepage flow on the other hand. Therefore the estimation of interception rates is a prerequisite for modeling the amount of seepage flow.
Large variation in pine interception has been observed in several studies [6] [7] [8] [9] [10] [11] [12] [13] [14] . In general, the amount of water that is intercepted has been found strongly depending on both climatic conditions and vegetation type and structure [15, 16] . Several factors could explain the amount of interception on different scales. On a large scale, interception depends above all on climate factors [17] such as gross precipitation, rainfall intensity and duration [18] , wind velocity [19] , available evaporative energy and fog incidence [20] . On a regional scale, a major control of the interception loss is the vegetation type and tree species [13, 14] . Within tree species the interception loss is influenced by the canopy structure [21] [22] [23] , stand density [24] [25] [26] and other stand parameters, determining the canopy's capacity to store water temporarily. But the attempts from Peck & Mayer [13] to systematize the interception in forest stands in dependence of stand parameters only show no functional dependencies of general validity. However, comparisons among different *Address correspondence to this author at the Georg-August-University, Soil Science of Temperate and Boreal Ecosystems, Büsgenweg 2, D-37077 Göttingen, Germany; Tel: +49-(0)551-393546: Fax: +49-(0)551-393310; Email: bahrend@uni-goettingen.de studies, often for the same tree species, were difficult because of the more or less different climatic conditions.
To predict the rainfall interception according to the climatic conditions and the vegetations characteristics many models have been developed empirically, physically or stochastically [15] . The models of RUTTER et al. [27] and GASH [28] described the process of rainfall interception satisfactorily and were integrated in revised or adapted versions in many simulation models for evaporation, soil water and stream flow (e.g. [29] ). Both models however, require detailed input data, which limit application in general. Models like the RUTTER model must be checked with site specific throughfall data or in extreme cases even be calibrated, because the canopy drainage function involves empirical parameters that sometimes need to be optimized. A simplification of the RUTTER model especially for pine forests was developed by Mulder [2] , but the data requirement is still higher than for the GASH model [30] . The interception model from Anders et al. [31] is a further development of existing approaches for process orientated modeling of interception, but this model also needs climatic information in daily resolution. Therefore there is a need for simple but effective models for the prediction of rainfall interception and net precipitation under a full range of management conditions for Scots pine forests in northern Germany. These models should only require easily-available forest inventory data and meteorological parameters, like annual sum of gross precipitation. Therefore this study has two objectives:
to point out the relationships between the net forest precipitation and interception loss and conventional forestry parameters such as stand density, tree height, and diameter at breast height for Scots pine stands.
(ii) to develop a spatial modeling approach for predicting net forest precipitation using only stand and climatic variables.
MATERIALS AND METHODOLOGY

Terms and Definitions
Before the description of data compilation and model development, a short definition of terms to be used is appropriate. The terms when partitioning of gross precipitation into throughfall and stemflow are defined as described in Fig. (1) .
The net forest precipitation is defined here as the amount of rainfall transmitted below the canopy, originating from either dripping leaves or branches or from free throughfall. The amount of interception by the canopy including leaves, branches and stems, could be estimated by the following water balance equation:
where I, Pg, TF and SF are interception, gross precipitation, throughfall and stemflow, respectively. Stemflow in pine stands generally represents a minimal proportion of gross precipitation [10, 32, 33] , so we used the simplified equation (2) for every dataset when data of stemflow measurements are missing.
However this simplified assumption could lead to uncertainties in very young stands with higher amounts of stemflow [34, 35] . [36] . P g is incident gross precipitation, P c is precipitation that reaches the crown, I is interception, SF is stemflow, TF f is free throughfall, TF r is release throughfall, R n is net precipitation.
Data Compilation
Building on individual published investigations we assembled a database that includes information on field precipitation and canopy throughfall in Scots pine stands in the northern Germany lowlands. In the database we compiled published data from journals, book chapters and reports. Fig. (2) shows the 78 forest stands throughout the study area and the mean annual precipitation. For each stand we collected the different climatic and stand variables listed in Table 1 . A few papers contained suitable information of the stand structure. In some cases supplementary informations were obtained from additional papers about the investigated stand. When the data of the stand basal area (BA) was missing, it is calculated using the diameter at breast height and the number of trees in the stand. If there was only information about the age and the stand height we used the Foresttools2 from Nagel [37] to estimate the diameter at breast height for the stands. If basal area and diameter at breast height were available we calculated the number of stems from these two stand parameters. Precipitation data for collection periods of less than one year were not included in the database. For more detailed information about the variables and data distribution see Table 2 . Fig. (2) . Map of Germany showing locations of the 78 Scots pine stands in northern Germany lowlands. Precipitation data after: Hijmans et al. [38] .
Statistics
Basic descriptive statistics, the arithmetic means (m a ), medians (m m ), standard deviations (sd), minimal (min) and maximal (max) values were calculated to describe the variability in interception data over the whole collection period for each stand and year. Also the coefficient of variation was estimated from m a and sd and expressed as %. To identify the most important stand variables affecting interception on stand and tree scale we applied correlation (Spearman) analysis to the restricted dataset. Spearman correlation coefficients (r Spear ) were used because of nonnormal distribution [61] . In the subsequent chapters the significant correlations are given at a = 0.05 * or a = 0.01 ** , respectively. Multiple linear regression (MLR) was then used to develop the models for predicting interception loss and net forest precipitation. Our underlying principle was to develop predictive models that could not only offer accurate (high adj R values) and exact (low standard error of the estimate) estimates of interception for specific stand and weather conditions, but that would also use predictive variables that were easily and widely available. This would enable the models to be easily applied to other sites.
Derivation of the Regression Model
Based on the assembled database it is possible to develop a multivariate linear regression (MLR) model. However, without any functional biological or physical explanation in such a model, the transfer of model results and model formulation to other regions and stands will be restricted. So our model formulation is somewhat different from a common MLR model. At various hydrological models the modeling of interception will be carried out in two steps mostly comparable to the RUTTER model. In a first step the fraction of precipitation that reaches the crown (P c ) is calculated as:
where Pg is the gross precipitation, and f TFf is the fraction of the precipitation that directly reaches the soil surface. In a second step the actual interception is calculated, depending on the energy supply and the water, which is stored in the canopy. Simplified we can say that the canopy storage capacity and the canopy cover fraction are responsible for differences in throughfall and interception loss under comparable climatic condition. Therefore the model formulation is based on the assumption that there is a relationship between the needle mass of a specific tree and the canopy water storage capacity [62] . In practice it is almost not possible to measure net precipitation or interception at the tree level from field experiments. In contrast, in forest models, the stand parameters are usually determined at the tree level (e.g. BWIN or SILVA: [63, 64] ). Therefore, to make this model also applicable to forest growth models, the part of the literature data that contained information about the number of trees, the net precipitation and the interception stand level values were simply divided by the number of trees.
The relationships between the needle mass and the parameters of a single tree are generally assumed to have the allometric form [65] :
where y stands for aboveground biomass, like the needle mass (nm), and x is a variable for stand parameters such as diameter at breast height (DBH) or tree height (H). This allometric function has been shown to predict foliage biomass by many studies [66] [67] [68] [69] [70] [71] . In many cases these two variables are often combined to a single variable (BHD H). However the relationship between DBH or H and tree foliage biomass may sometimes be more complex. Another allometric model after Crow [68] is more flexible then the BHD H.
After a logarithmic transformation of this equation, it could be used in a multiple linear regression analysis:
Based on the assumption that there are approximately linear relationships between the open field precipitation and interception [8] on the one hand and between the crown cover fraction and the interception [31] on the other hand, we formulated the following models for net forest precipitation and interception loss.
where R n is the net forest precipitation, DBH the diameter at breast height, H the tree height, CF the crown cover fraction and Pg the gross precipitation.
The intercepted precipitation (I) can be expressed as an own model in the same way:
or as the difference between gross precipitation and net forest precipitation from equation 2. The upscaling from single tree to stand level will be done by the amount of trees in the stand. For the model parameterisation there is a need of information about the crown cover fraction (CF) for the different stands in this study. The CF is:
where CA is the crown area and SA is the area of the stand.
The CA for the stand was calculated from the maximum crown radius (Cr) in meters and the number of trees (N) in the stands:
Pretzsch et al. [64] provided a relationship between the crown radius and tree height (H) and diameter at breast height (DBH). Using their parameters we get the following function for the estimation of the crown radius for a single tree:
RESULTS AND DISCUSSION
Variability and Correlations
There was considerable variation in measured interception loss between the stands from the literature. The coefficient of variation calculated across all stands and years was 35.7%. The frequency distribution of the interception loss in percent of gross precipitation is comparable to an curve of normal distribution (see Fig. 3 ). The lowest interception loss in one year (59 mm) was found in the oldest stand (140 years) and the highest (525 mm) in a 16-year-old stand. These observations indicate that under comparable climatic conditions, the stand properties were very important in determining interception at any particular site.
Using the dataset, interception was significantly (p < 0.05) correlated with most of the variables which were included in this study (Tables 2 and 3) . No significant correlations were only found between interception and basal area on stand level and interception and gross precipitation on single tree level. On stand level the interception loss shows a very strong positive correlation to the number of trees in the stand. This effect of thinning is often described in the literature [24, [72] [73] [74] . The strong negative correlation between the volumetric variables (H and DBH) and the interception loss on stand level is not of a plausible functional explanation. It could be the result from an correlation between the volumetric variables and the number of stems in a stand. The correlation analysis for the single tree level showed the strongest correlation with the number of stems in the stand and the crown cover fraction. These were parameters known to describe the free throughfall (TF f ). Parameters which describe canopy biomass (DBH, H or AGE) and therefore the storage capacity of a tree, showed also very strong correlations with the interception loss. This positive correlation indicates that the approach to model the interception and the net precipitation from single tree level is functionally justified. 
Interception and Net Precipitation Models
The simple correlations discussed above indicated the most important factors, explaining interception individually. Indeed, simple regression models could have been used to predict interception and net precipitation adequately, for example with the stand age. But to obtain a higher degree of explanation the effects of several variables need to be included. We used a regression analysis to explore the formulated models in equation 7 and 8. Naturally the models and the individual variables had to be statistically significant (p < 0.05), but also had to have a high adjusted-degree of explanation ( adj R ) value and randomness in the residual. The models that agree with these criteria are presented in Table 4 .
For the direct interception loss of a single tree, the model with the highest adj R 2 and the lowest standard error of the estimate was model 1, using the variables gross precipitation, diameter at breast height and the crown cover fraction. The tree height was excluded when developing this model, because its relationships were not significant. The interception values predicted with model 1 are plotted vs the measured values in Fig. (4) . Fig. (4) . Relationship between predicted and measured interception loss using gross precipitation and stand parameters (model 1, Table  4 ).
The model 2 had the highest adj R values and the lowest standard error for estimating the net precipitation in the stand. Beside the gross precipitation the model is using diameter at breast height, tree height and the crown cover fraction. However there was only a little reduction in the adj R value when tree height was excluded from the Fig. (5) . Relationship between predicted and measured net forest precipitation using gross precipitation and stand parameters (model 2, Table 4 ). regression model. The amount of net precipitation estimated with model 2 is plotted against the measured values for net precipitation in Fig (5) . There is also no systematic deviation between modeled and measured data. However, it should be taken into account, that even small changes in the breast height diameter have considerable impact on the modeling results. But also the quality of the developed models dependents on the quality of the forest inventory data, which were used for the model parameterisation. Measurements over a sufficiently long period in one stand automatically suffer the timeliness of the recorded inventory data. There are also uncertainties in the data of tree height. Often it is not safe whether the published data describes the mean tree height for a stand or the top height, for example. Other uncertainties may arise from the transformation of the allometric functions, since they could lead to a slide distortion of the values [75, 76] . Finally special climatic conditions (wind speed, available evaporative energy, fog incidence etc.) could lead to errors in predicting net throughfall interception.
In all models the diameter at breast height and the crown cover fraction were selected with the best fit. This is particularly helpful since the DBH is easily and rapidly Fig. (6) . Use of models for regionalization of net forest precipitation and interception with forest inventory data.
measured in the field and the crown cover fraction could be estimated with equation 11 from DBH and H. With such data requirements the net forest precipitation into the stands can be estimated based on digital forest inventory maps and regionalized gross precipitation maps. For example, a spatial model application is shown in Fig. (6) . By incorporating the models into spatially explicit forest simulation models, the effects of growing trees on net forest precipitation could be dynamically modeled and the results could be scaled up to the landscape level.
CONCLUSIONS
For practical application, the data requirements of the developed models constitute an advantage. The attempt to create models requiring only stand characteristics that are routinely measured and easily available climate data (gross precipitation) has been successful. Number of stems, diameter at breast height and the crown cover fraction were the most important stand characteristic explaining the interception. The model was based on data from stands with very different stand parameters and therefore may be reliable when applied to stands with other stand parameters. Under the assumption that the climatic conditions in the investigated area are relative similar, the gross precipitation is taking into account as a predictive variable in the model. As with all regression models, applicability is restricted to climatic conditions represented by the basic data set. Hence, before the application of the models to other regions than the northern Germany lowlands, it should first carefully be tested.
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